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SUMMARY 

A t h ree - s t age  potassium vapor tu rb ine  has been designed for t e s t i n g  i n  

t he  e x i s t i n g  3000 KW f a c i l i t y  w i t h  1550'F i n l e t  vapor temperature .  The t u r b i n e  

i s  designed f o r  15,000 hours  o p e r a t i o n  w i t h  e i g h t  t o  t e n  pe rcen t  l i q u i d  e n t e r i n g  

the t h i r d  s t a g e  which has  a t i p  speed of 835 f t . / s e c .  

ve r s ion  of t h e  s u c c e s s f u l  two-stage potassium t u r b i n e  and is based on the  same 

des ign  p r i n c i p l e s .  The a d d i t i o n a l  s t a g e  and more ex tens ive  in s t rumen ta t ion  a re  

expected t o  provide b e t t e r  understanding of  w e t  potassium vapor t u r b i n e s .  

This  t u r b i n e  i s  a growth 
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INTRODUCTION 

I n  Rankine-cycle space  power sys t ems ,  o p e r a t i n g  on potassium vapor,  some 
l 

or a l l  of t h e  t u r b i n e  s t a g e s  a re  expected t o  ope ra t e  i n  t h e  w e t  vapor reg ion  

f o r  15,000 hours or more. S u i t a b l e  b lad ing  materials must be found which are  

both compatible  w i t h  potassium vapor and r e s i s t a n t  t o  d r o p l e t  impact e ros ion .  

Besides  b lade  material p r o p e r t i e s ,  t h e  r a t e  of impact e r o s i o n  i s  known from 

I 

I steam t u r b i n e  p r a c t i c e  t o  i n c r e a s e  wi th  t i p  speed and moisture  con ten t .  

* 
A two-stage potassium t u r b i n e  (1) w a s  designed, b u i l t  and tested under 

NASA Con t rac t  NAS 5-1143. This  t u r b i n e  had about  f o u r  percent  l i q u i d  e n t e r i n g  

the second s t a g e  which had a t i p  speed of 770 f t . / s e c .  a t  the  endurance tes t  

c o n d i t i a n s .  A f t e r  5000 hours  of t e s t i n g  a t  t h e s e  cond i t ions ,  there was no 

evidence of impact e r o s i o n  on t h e  TZM r e f r a c t o r y  a l l o y  b l ades .  However, i t  

is  d e s i r a b l e  t o  des ign  potassium-turbine s t a g e s  f o r  o p e r a t i o n  a t  h igher  va lues  

of mois ture  f r a c t i o n  and t i p  speed  than the aforementioned va lues .  

I A s  a r e s u l t ,  the  Re-Entry Systems Department of the General E lec t r ic  

Company h a s  been under c o n t r a c t  t o  the  Nat iona l  Aeronaut ics  and Space Admhnis- 

t r a t ion  s i n c e  July 5, 1966 for t h e  design,  f a b r i c a t i o n  and assembly of a 

three-stage tes t  t u r b i n e  s u i t a b l e  for  ope ra t ion  i n  w e t  potassium vapor a t  

1550OF t u r b i n e  i n l e t  temperature .  The main o b j e c t i v e s  of  t h i s  program. &re 

the a t t a i n m e n t  of w e t  vapor, w i t h  a moisture  f r a c t i o n  of e i g h t  t o  t e n  percent  

e n t e r i n g  the  t h i r d  stage a t  a t i p  speed of  835 f t . / s e c .  and a t u r b i n e  l i f e  of 

15,000 hour s .  The th ree - s t age  t u r b i n e  is  designed f o r  i n s t a l l a t i o n  and test  

i n  the e x i s t i n g  3000 KW f a c i l i t y .  

_ _  * 
Numbers i n  parentheses  i n d i c a t e  r e fe rences  l i s t e d  i n  t h i s  r e p o r t .  
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DESIGN CONSIDERATIONS 

The des ign  procedures  used for t h e  th ree - s t age  t u r b i n e  were developed 

through exper ience  on t h e  two-stage potassium t u r b i n e  program under Cont rac t  

NAS 5-1143. The b a s i c  assumption i s  t h a t  w e t  potassium vapor expands through 

t h e  nozz le  and r o t o r  b lade  rows of each s t a g e  i n  a s u p e r s a t u r a t e d  cond i t ion  

and then r e v e r t s  t o  equ i l ib r ium condi t ions  a t  t he  exit of each rotor blade  

row. C a l c u l a t i o n s  based on t h i s  model gave p red ic t ed  t u r b i n e  performance 

t h a t  w a s  v e r i f i e d  by performance measurements dur ing  t e s t i n g  of t he  two-stage 

potassium t u r b i n e  ( 2 ) .  

This  model permi ts  t h e  u s e  of gas  t u r b i n e  c a l c u l a t i o n  prograas fsr t h e  

s u p e r s a t u r a t e d  vapor expansion through each s t a g e .  A t  t h e  e x i t  of each s t a g e  

a c a l c u l a t i o n  is made t o  determine t h e  cond i t ions  a f t e r  r eve r s ion  f ron  super- 

s a t u r a t e d  t o  equ i l ib r ium cond i t ions .  T h i s  c a l c u l a t i o n  s a t i s f i e s  t h e  conserva-  

t i o n  equa t ions  of m a s s ,  energy and momentum f o r  t h e  s u p e r s a t u r a t e d  and e q u i l i -  

brium states,  The important  r e s u l t s  of t h e  r eve r s ion  c a l c u l a t i o n  are  t h a t  

Some of t h e  vapor is  condensed, and t h e  vapor t e n p e r a t u r e  rises t o  i t s  

e q u i l i b r i u m  value; t h e  e q u i l i b r i u m  va lues  are used as  i n p u t  f a r  t h e  next  stage. 

A performance l o s s  due t o  t h e  droplet  d rag  of t h e  condensed l i q u i d  is 

based on t h e  energy expended by t h e  rotor i n  a c c e l e r a t i n g  t h e  mois ture  which 

e n t e r s  a s t a g e  up t o  t h e  mean wheel speed of t h e  stage, 

The f i r s t  s t e p  i n  t h e  des ign  of t h e  t h ree - s t age  t u r b i n e  w a s  t h e  des ign  

of t h e  f i r s t  two s t a g e s  t o  produce 8 t o  10 percen t  moksture. Shown i n  

F igu re  1 is  a s k e t c h  of a t u r b i n e  expansion process  on t h e  potassium M o l l i e r  
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diagram. I t  can be seen t h a t  i n  o r d e r  t o  achieve  w e t  vapor wi th  8 t o  10 

percent  moisture  i t  i s  necessary t o  e x t r a c t  about  80 B t u  of energy from 

each pound of vapor.  To accomplish t h i s  i n  two s t a g e s  which can be t e s t e d  

i n  t h e  e x i s t i n g  3000 KW f a c i l i t y  r equ i r ed  b,lade tu rn ing  ang le s  very s imilar  

t o  those  of t h e  two-stage t u r b i n e  developed and t e s t e d  under NASA Cont rac t  

NAS 5-1143. An op t imiza t ion  s tudy  i n d i c a t e d  t h a t  t h e  b e s t  t u r b i n e  conf igura-  

t i o n  f o r  these  cond i t ions  had a n  e f f i c i e n c y  less than one percent  h ighe r  than  

t h a t  of the two-stage potassium t u r b i n e .  Therefore ,  t h e  f i r s t  two Stages  

of t h e  three-s tage  t u r b i n e  w i l l  have t h e  same b lad ing  as t h e  two-stage t u r b i n e  

developed under t h e  NASA 5-1143 c o n t r a c t .  

The tu rb ine  expansion shown i n  F igure  1 w a s  c a l c u l a t e d  for t h e  th ree -  

s t a g e  tu rb ine  ope ra t ing  a t  1550°F i n l e t  vapor temperature  and 18,250 rpm, 

which are  t h e  des ign  cond i t ions  f o r  t h e  endurance test. Because  a super -  

s a t u r a t e d  expansion process  cannot  be shown proper ly  on a Mol l i e r  diagram 

which r ep resen t s  equ i l ib r ium s t a t e  p o i n t s ,  t h e  equ i l ib r ium p o i n t s  a t  t h e  i n l e t  

and e x i t  of each  s t a g e  are connected by dashed l i n e s .  The f i r s t  s t a g e  ex- 

pansion i s  from a to t a l  p re s su re  of 30.86 p s i a  t o  a s t a t i c  p res su re  of 15 .7  

p s i a ,  t h e  second stage expansion is from a t o t a l  p r e s s u r e  of 1 6 . 8  p s i a  t o  a 

S t a t i c  pressure  of 7.66 p s i a ,  and t h e  t h i r d  stage from 8 .65  t o  3 .71  p i a .  The 

in te rmedia te  p re s su res  shown f o r  each s t a g e  are t h e  t o t a l  p r e s s u r e  r e l a t i v e  

t o  t h e  r o t a t i n g  b lade  and t h e  s t a t i c  p r e s s u r e  a t  t h e  nozz le  e x i t  s t a t i o n .  

A p i t c h l i n e  des ign  p o i n t  c a l c u l a t i o n  program was used f o r  p re l imina ry  

des ign  of t h e  t h i r d  stage. The s t a g e  was des igned  f o r  t h e  e x i t  flow and 

p res su re  condi t ions  of t h e  two-stage t u r b i n e  o p e r a t i n g  a t  18,250 rpm, wi th  
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i n l e t  vapor temperature  of 1500'F and a t o t a l - t o - t o t a l  p re s su re  r a t i o  of 

3 .4 .  The p res su re  r a t i o  is  h igh  enough t o  provide t h e  maximum amount of 

mois ture  t h a t  can be ob ta ined  w i t h  t h e  two-stage t u r b i n e .  The r o t a t i v e  

speed i s  t h e  des ign  value.  The i n l e t  vapor temperature  was chosen midway 

between the o p e r a t i n g  l i m i t s  of 1450 t o  1550'F. Performance c a l c u l a t i o n s  

f o r  t h e  two-stage t u r b i n e  i n d i c a t e  t h a t  t u r b i n e  e f f i c i e n c y  is  no t  s e n s i t i v e  

t o  v a r i a t i o n s  of i n l e t  temperature  i n  t h i s  range,  The t h i r d  s t a g e  annulus  

flow area was made about  42 percen t  l a r g e r  than t h a t  of the second s t a g e .  

Th i s  i s  a reasonable  area expansion c o n s i s t e n t  w i t h  t h e  f i r s t  two s t a g e s .  

The des ign  parameters  t h a t  were va r i ed  for t he  t h i r d  s t a g e  were nozz le  flow 

angle ,  nozz le  e x i t  v e l o c i t y  and s t a g e  work. For each  va lue  of nozz le  ang le  

there i s  one va lue  of nozz le  e x i t  v e l o c i t y  t h a t  w i l l  s a t i s f y  the requirements  

of  f low ra te  and annulus  area. The s t a g e  work determines t h e  b lade  t u r n i n g  

and e x i t  s w i r l .  A s t a g e  w i t h  a nozz le  flow ang le  of 68 degrees  from a x i a l  

and a s t a g e  work of 40 Btu/ lb .  was s e l e c t e d .  This  s t a g e  loading  i s  cons is -  

t e n t  w i t h  the  f i r s t  two s t a g e s  which a r e  heav i ly  loaded i n  o r d e r  t o  get the  

maximum amount of condensed l i q u i d  a t  t h e  e x i t  of the  second s t a g e .  

A l i g h t l y  loaded t h i r d  s t a g e  was considered f o r  i nc reased  t u r b i n e  e f f i -  

c i ency .  

had a c a l c u l a t e d  stage e f f i c i e n c y  f i v e  pe rcen t  h ighe r  than the  one selected. 

However, the s u b s t i t u t i o n  of  t h i s  l i g h t l y  loaded t h i r d  stage inc reased  the 

e f f i c i e n c y  of t h e  th ree - s t age  t u r b i n e  less than  one pe rcen t .  The more heav i ly  

loaded  stage w a s  selected as r e p r e s e n t a t i v e  of  a realist ic t u r b i n e  des ign .  

The prime requirement f o r  t h i s  a p p l i c a t i o n  is  the  a t t a inmen t  of high mois ture  

c o n t e n t  which can only  be done i n  two stages by having them heav i ly  loaded.  

A stage w i t h  a nozz le  a n g l e  of 66 degrees  and stage work of  30 Btu/ lb .  
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A th ree - s t age  t u r b i n e  designed f o r  maximum e f f i c i e n c y  would have t h r e e  l i g h t l y  

loaded s t a g e s  and less Condensed l i q u i d .  

The e f f e c t  of r o t o r  t i p  shrouds was i n v e s t i g a t e d  as a way t o  improve 

t u r b i n e  e f f i c i e n c y .  Shrouds reduce t i p  c l ea rance  loss  p a r t l y  due t o  l e s s  

i n t e r f e r e n c e  between t h e  leakage flow and the  mainstream flow and p a r t l y  due  

t o  the  f a c t  t h a t  the  more to r tuous  pa th  which the flow must take over  t h e  

shroud w i l l  reduce t h e  ac tua l  q u a n t i t y  of leakage flow. Ainley and Mathieson 

( 3 )  suggest  t h a t  t h e  c l ea rance  loss f o r  a shrouded blade row i s  about  half  

of t he  c l ea rance  loss f o r  an  unshrouded b lade  row w i t h  the  same t i p  Clearance.  

Applying t h i s  sugges t ion  t o  the  c a l c u l a t i o n  of s t a g e  e f f i c i e n c y  f o r  t h e  three- 

s t a g e  t u r b i n e  i n d i c a t e s  t h a t  t h e  use of t i p  shrouds would improve the e f f i -  

c i e n c i e s  by 4, 3 and 2 pe rcen t  f o r  t h e  r e s p e c t i v e  s t a g e s .  The ef fec t  i s  

g r e a t e s t  f o r  t h e  f irst  s t a g e  because t h e  b lade  he igh t  i s  least  and t h e r e f o r e  

the  percentage t i p  c l ea rance  and loss  is g r e a t e s t .  The c a l c u l a t e d  improvemont 

i n  o v e r a l l  t u r b i n e  e f f i c i e n c y  due t o  t i p  shrouds is about  three pe rcen t .  

Shown i n  F igure  2 i s  the  var!.ation of t u r b i n e  e f f i c i e n c y  wi th  t o t a l - t o -  

s t a t i c  p res su re  r a t i o .  The a c t u a l  t u r b i n e  work i s  based on s u p e r s a t u r a t e d  

expansion o f  t h e  vapor,, For  t he  two upper l i n e s  no r eve r s ions  w e r e  assumed 

and t h e  i d e a l  t u r b i n e  work is  based on s u p e r s a t u r a t e d  cond i t ions ;  the t o p  

l i n e  i s  f o r  a n  i d e a l  c o n d i t i o n  of ze ro  t i p  c l e a r a n c e  and the  middle l i n e  shows 

the  performance pena l ty  a s s o c i a t e d  w i t h  the des ign  va lues  of t i p  Clearance w i t h  

r o t o r  t i p  shrouds.  The lowest l i n e  is  based on r e v e r s i o n s  to  equ i l ib r ium con- 

d i t i o n s  a f t e r  each r o t o r  b lade  row wi th  the i d e a l  t u r b i n e  work based on potassium 

equ i l ib r ium p r o p e r t i e s .  I t  can be seen  t h a t  there is  a s i g n i f i c a n t  d i f f e r e n c e  



i n  t u r b i n e  e f f i c i e n c y  when a n  i d e a l  equ i l ib r ium expansion is used as t h e  b a s i s .  

For  example, t h e  t u r b i n e  e f f i c i e n c y  a t  a t o t a l - t o - s t a t i c  p re s su re  r a t i o  of 8.0 

is  119/142 o r  0.838 f o r  t h e  supe r sa tu ra t ed  c a l c u l a t i o n  and 114/161 o r  (4.708 

based on equ i l ib r ium c o n d i t i o n s .  The lower numerator of t h e  equ i l ib r ium case  

r e f l e c t s  t h e  l o s s e s  due t o  condensat ion and d r o p l e t  d rag .  The l a r g e r  denomina- 

t o r  r e f l e c t s  t h e  g r e a t e r  i d e a l  expansion energy of  t h e  equ i l ib r ium process  

a c r o s s  a g iven  p res su re  r a t i o .  

Shown i n  F igu re  3 i s  a l ayou t  drawing of t h e  th ree - s t age  t u r b i n e  flow 

p a t h  i n  t h e  h o t  c o n d i t i o n  w i t h  t i p  shrouds on a l l  three s t a g e s .  The  use  of 

t i p  shrouds creates a p o t e n t i a l  problem i n  t h a t  l i q u i d  may c o l l e c t  i n  the  

t i p  seal c a v i t y  i f  the c a v i t y  is n o t  drained.  I t  is  n o t  d e s i r a b l e  t o  d r a i n  

these c a v i t i e s  f o r  t h e  i n i t i a l  assembly because h igh  mois ture  con ten t  a t  the  

t h i r d  stage is  one of t h e  program o b j e c t i v e s .  Downstream of each r o t a t i n g  

b l ade  row t h e  f low annulus  w a s  increased  a t  the  t i p  t o  prevent  t h e  bui ldup  

of condensed potassium l i q u i d  i n  t h e  r o t a t i n g  t i p  seal. To determine any 

performance pena l ty  t h a t  might be incur red ,  t h e  sudden expansion l o s s  was 

e s t ima ted  behind each r o t a t i n g  b lade  row u s i n g  compressible  flow theory .  

For  expansion area ratios from 15 to 10 p e r c e n t  and Mach numbers from 0.25 

t o  0.4, the sudden expansion p res su re  loss was from 2 t o  1 percent  of t h e  

v e l o c i t y  head,  I t  was estimated that these sudden expansion losses would 

cause  a n e g l i g i b l e  0 .2  pe rcen t  loss i n  t u r b i n e  e f f i c i e n c y .  
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AERODYNAMIC DESIGN 

I n  the  des ign  of potassium tu rb ines  f o r  o p e r a t i o n  i n  t h e  w e t  vapor 

region,  t h e  b a s i c  assumption is  t h a t  the  vapor expands through each s t a g e  

i n  a s u p e r s a t u r a t e d  cond i t ion  w i t h  r eve r s ion  t o  equ i l ib r ium a f t e r  each r o t o r .  

The va lues  of t he  p o l y t r o p i c  exponent f o r  s u p e r s a t u r a t e d  expansion were 

determined by flow through a nozz le  under t h e  NAS 5-1143 c o n t r a c t  (4). The 

potassium p r o p e r t i e s  used are those o f  NRL Report  6233 (5) by t h e  U.S. Naval 

Research Laboratory ,, 

A d e t a i l e d  f l u i d  des ign  of the t h i r d  s t a g e  has  been c a r r i e d  ou t  u s ing  

a n  axisymmetric flow de termina t ions  computer program. T h i s  program was used 

t o  c a l c u l a t e  flow v e l o c i t i e s  and ang le s  a t  e leven  s t r eaml ines  and f i v e  a x i a l  

l o c a t i o n s ,  by s o l v i n g  the  equa t ions  of energy, c o n t i n u i t y  and r a d i a l  e q u i l i -  

brium, inc lud ing the  e f f e c t s  of s t r eaml ine  s l o p e  and c u r v a t u r e ,  Inpu t s  t o  

t h i s  program are f lowpath dimensions, r o t a t i v e  speed, i n l e t  p re s su re  and 

temperature ,  f low rate, energy of the  f l u i d  e n t e r i n g  and l eav ing  t h e  r o t o r ,  

and e f f i c i e n c y  of each b lade  row. 

Shown i n  F igure  4 are  p l o t s  of a x i a l  v e l o c i t y  as  a func t ion  of r a d i u s  a t  

f o u r  a x i a l  l o c a t i o n s  i n  the t h i r d  s t age .  The d i s t r i b u t i o n s  f o r  t h e  nozz le  e x i t  

and bucket  i n l e t  have a negat ive  s l o p e  due t o  the  concave inward cu rva tu res  of  

t h e  s t r e a m l i n e s  a t  the  t i p .  The a x i a i  v e l o c i t y  d i s t r i b u t i o n s  f o r  t h e  bucket 

and s t a g e  e x i t  have a p o s i t i v e  s l o p e  because of  convex inward cu rva tu re  nea r  

the t i p .  The d i f f e r e n c e s  i n  a x i a l  v e l o c i t y  between nozz le  e x i t  and bucket  

i n l e t  and between bucket  and s t a g e  ex i t  are  due t o  changes i n  cu rva tu re  and 

losses between t h e  b l ade  rows. 
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Shown i n  F igure  5 is t h e  r a d i a l  v a r i a t i o n  i n  vapor flow ang les  a t  f o u r  

ax ia l  l o c a t i o n s  i n  t h e  t h i r d  s t a g e .  These ang le s  are measured from a x i a l  and 

p o s i t i v e  values are i n  t h e  d i r e c t i o n  of r o t a t i o n .  The bucket and s t a g e  e x i t  

va lues  are negat ive  and the flow ang les  a t  bucket i n l e t  and e x i t  are r e l a t ive  

t o  t h e  r o t a t i n g  wheel. The bucket t u r n i n g  ang le  v a r i e s  from 77 degrees  a t  the  

t i p  t o  109 degrees  a t  t h e  hub. A t  the hub t h e  bucket e x i t  a n g l e  i s  g r e a t e r  

than t h e  bucket i n l e t  ang le ,  i n d i c a t i n g  a c c e l e r a t i n g  flow or p o s i t i v e  r e a c t i o n .  

The maximum nozz le  e f f l u x  ang le  i s  72.5 degrees  a t  t he  t i p ;  h igh  va lues  of 

nozz le  e f f l u x  ang le  were used t o  reduce t h e  a x i a l  v e l o c i t y  l e v e l  through the  

s t a g e  . 

Shown i n  F igure  6 i s  t h e  r a d i a l  v a r i a t i o n  of r e a c t i o n  f o r  t h e  t h i r d  s tage.  

React ion i s  def ined  as  t h e  i d e a l  s t a t i c  en tha lpy  drop ac ross  t h e  r o t o r  d iv ided  

by the idea l  t o t a l - t o - s t a t i c  en tha lpy  drop a c r o s s  the  s t a g e .  S ince  t h e  ae ro -  

dynamic c a l c u l a t i o n s  were made w i t h  a gas  t u r b i n e  program assuming s u p e r s a t u r a t e d  

vapor expansion the  formula i s  

Y 
ps2 

Y -  - ps 1 
Rx - Y- 1 Y- 1 

where 

PtO is t o t a l  p re s su re  a t  s t a g e  i n l e t .  

is s t a t i c  p re s su re  a f te r  nozz le .  

is s t a t i c  p r e s s u r e  a f t e r  r o t o r .  

y is p o l y t r o p i c  exponent f o r  expansion.  

ps 1 

ps2 

RX 
is r e a c t i o n .  
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The r e a c t i o n  v a r i e s  from 16  pe rcen t  a t  the hub t o  48 pe rcen t  a t  the  t i p .  Thc 

f a i r l y  high r e a c t i o n  was chosen t o  improve the  stage e f f i c i e n c y .  The r a d i a l  

v a r i a t i o n  of Mach number is  shown i n  Figure 7 .  The Mach numbers are  subsonic  

i n  a l l  cases i n d i c a t i n g  t h a t  t h e  tu rb ine  is  unchoked. The stage e x i t  Mach 

number is around 0.4, which is  s l i g h t l y  g r e a t e r  than  t h e  e x i t  Mach numbers i n  

t h e  f i r s t  two s t a g e s .  

Shown i n  F igure  8 are t h e  v e l o c i t y  vec to r  diagrams f o r  t h e  t h i r d  s t a g e  

f r o m  the aerodynamic des ign  program. These diagrams were drawn us ing  t h e  

v e l o c i t i e s  and flow a n g l e s  f o r  the bucket i n l e t  and e x i t  l o c a t i o n s  and the 

wheel speeds f o r  18,250 rpm. The r e s u l t s  from t h e  Turbine Flow Determinat ions 

program were used t o  des ign  the nozz le  vanes and r o t o r  b l ades  f o r  the t h i r d  

stage . 

The des ign  of t h e  f i r s t  two s t a g e s  was d i scussed  i n  r e p o r t s  i s sued  under 

Con t rac t  NAS 5-1143 and i n  Reference 1. The des ign  c o n d i t i o n s  were 1600°F 

i n l e t  vapor temperature  and 19,200 rpm. The f irst  set  of hardware f o r  the  

two-stage t u r b i n e  had a f i r s t  s t a g e  nozzle  e f f e c t i v e  flow area about  10 per- 

c e n t  l a r g e r  t han  des ign .  Th i s  caused a s h i f t  of t u r b i n e  work from the  f i rs t  

t o  the second s t a g e  w i t h  a r educ t ion  of about  one pe rcen t  i n  t u r b i n e  e f f i c i e n c y .  

For  t h e  second set of hardware the f i r s t  s t a g e  nozz le  vanes were turned  about  

two degrees t o  reduce the nozz le  passage t h r o a t  width.  Off-desigc cal .cula- 

t i o n s  f o r  the two-stage t u r b i n e  i n d i c a t e  t h a t  the  second conf igu ra t ion  had 

1 1/2 p e r c e n t  h ighe r  t o t a l - t o - t o t a l  e f f i c i e n c y  and 3 1/2 percent  b e t t e r  t o t a l -  

t O - S t a t i C  e f f i c i e n c y  than  t h e  f i r s t  one. Th i s  second conf igu ra t ion  w a s  used 

f o r  the f i r s t  two stages of t h e  t h r e e  s t a g e  t u r b i n e .  Shown i n  F igure  9 are 

mean l i n e  v e l o c i t y  vec to r  diagrams f o r  t h e  three t u r b i n e  s t a g e s  as c a l c u l a t e d  

w i t h  t h e  o f f -des ign  program a t  18,250 rpm, 1550°F i n l e t  vapor temperature  and 

a t u r b i n e  i n l e t  t o t a l - t o - e x i t  s t a t i c  pressure  r a t i o  of 8.3. 
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BLADING DESIGN 

The o b j e c t i v e  is  t o  des ign  b lades  t h a t  w i l l  produce t h e  flow cond i t ions  

s p e c i f i e d  by t h e  r e s u l t s  of  t h e  axisymmetric Turbine Flow Determinat ions 

program. The nozz le  vane chord was chosen as one inch  which i s  c o n s i s t e n t  

wi th  t h e  f i r s t  two s t a g e s  and r e s u l t s  i n  a Reynolds number of 1.8 x lo5  a t  

the  des ign  cond i t ion .  The r o t o r  b lade  chord was chosen a t  0.85 inch  w i t h  a 

Reynolds number of 1.0 x 10 . The number of nozz le  vanes was chosen a t  44, 

f o r  a s o l i d i t y  of 1.51 a t  the  p i t c h  diameter. The s e l e c t i o n  of 52 buckets  

f o r  t h e  t h i r d  stage r o t o r  r e s u l t s  i n  a s o l i d i t y  of 1 .51.  These va lues  of 

s o l i d i t y  are s l i g h t l y  g r e a t e r  than recommended i n  r e fe rence  3, but  are cons is -  

t e n t  w i t h  General  Electr ic  Co. p r a c t i c e .  

5 

Using 44 nozzle  vanes t h e  t h r o a t  dimension f o r  t h e  nozz le  passages was 

2 xr c a l c u l a t e d  as a f u n c t i o n  of  r a d i u s ;  d = -  cos a , where d i s  nozz le  t h r o a t  

width,  - i s  t a n g e n t i a l  spacing,  and a i s  e f f l u x  flow a n g l e  from a x i a l ,  T h i s  

t h r o a t  dimension is  shown by the  s o l i d  l i n e s  i n  F igure  10.  The p o i n t s  i n d i c a t e d  

by circles are t h e  va lues  selected f o r  t he  des ign  and t h e y  d e v i a t e  from the  

c a l c u l a t e d  va lues  i n  the  t i p  reg ion .  T h i s  d e v i a t i o n  r e s u l t s  from the r equ i r e -  

ment of  l i n e a r  t w i s t  of the nozz le  vanes and is  accep tab le  because of uncer- 

t a i n t i e s  i n  t h e  s t r e a m l i n e  cu rva tu re  and aerodynamic l o s s e s  i n  the t i p  r eg ion ,  

Using the a p p r o p r i a t e  t h r o a t  dimensions and t a n g e n t i a l  spacing,  nozz le  b lade  

shapes were drawn f o r  t h e  p i t c h ,  t i p  and hub s e c t i o n s .  

p r o f i l e  o r i e n t e d  f o r  the  p i t c h  r a d i u s  is shown i n  F igure  11. The blade has a 

c o n s t a n t  c r o s s - s e c t i o n  and only  the o r i e n t a t i o n  a n g l e  v a r i e s  w i t h  the r a d i u s .  

T h e  blade coord ina te s ,  l i s t e d  i n  Table  I, were inpu t  t o  a cascade a n a l y s i s  

program which s o l v e s  f o r  t h e  v e l o c i t y  d i s t r i b u t i o n  around a b lade  p r o f i l e  i n  

0 n 0 

2x1- 
n 

The selected b lade  
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cascade,  based on incompressible ,  two-dimensional f low. Shown i n  F igu res  12, 

13 and 14 are t h e  v e l o c i t y  d i s t r i b u t i o n s  f o r  t h e  nozz le  vanes a t  hub, p i t c h  

and t i p  s e c t i o n s  a t  t h e  des ign  i n l e t  ang le  and a p p r o p r i a t e  o r i e n t a t i o n  a n g l e s .  

The o r d i n a t e  i s  the r a t i o  of b lade  surface v e l o c i t y  t o  stream e x i t  v e l o c i t y  and 

t h e  a b s c i s s a  i s  a x i a l  d i s t a n c e  from t h e  t r a i l i n g  edge of the  nozz le  vane. The 

upper l i n e  i s  f o r  t h e  s u c t i o n  o r  convex s ide of the  vane and t h e  lower l i n e  1s 

f o r  the p res su re  o r  concave s i d e .  A major c r i t e r i o n  f o r  acceptance  of a b lade  

p r o f i l e  i s  tha t  the  maximum v e l o c i t y  r a t i o  should be less than  1.15 t o  minimize 

d i f f u s i o n .  I t  can be seen  from t h e s e  p l o t s  t h a t  t h i s  c r i t e r i o n  i s  s a t i s f i e d ,  

The  blade s e c t i o n s  f o r  t h e  r o t o r  were designed i n  a s imi la r  manner. Using 

52 blades,  wi th  a s o l i d i t y  of 1 .51  a t  the  mean r a d i u s ,  and the  r e s u l t s  of t he  

axisymmetric flow program the t h r o a t  dimension f o r  the  r o t o r  b lade  passages 

w a s  c a l c u l a t e d  as a f u n c t i o n  of r a d i u s ;  d = -  cos f3 , where d is  r o t o r  

2 n r  passage t h r o a t  width, - is  t a n g e n t i a l  spac ing ,  and f3 
n 

r e l a t i v e  t o  b l ade .  T h i s  t h r o a t  dimension is  shown by the s o l i d  l i n e s  i n  

F igure  15. 

i n  F igure  15, and t a n g e n t i a l  spac ing ,  r o t o r  b l ade  shapes were drawn for  

f i v e  radial  s t a t i o n s  i n  t h e  flow annulus .  Shown i n  F igu res  16, 17 and 18 

are  the  blade shapes a t  t h e  hub, mean and t i p  s e c t i o n s .  The b lade  coor- 

d i n a t e s ,  l i s t e d  i n  Table  11, were i n p u t  t o  t h e  cascade  a n a l y s i s  program. 

Based on t h e  r e s u l t s  from t h e  program, the b l ade  shapes were modified u n t i l  

t he  r a t i o  of s u r f a c e  v e l o c i t y  t o  stream e x i t  v e l o c i t y  w a s  smooth w i t h  a 

minimum amount of d i f f u s i o n  from the  t h r o a t  t o  t he  b l ade  t r a i l i n g  edge. 

Shown i n  F igures  19, 20 and 21 are the  v e l o c i t y  r a t i o  p l o t s  f o r  t he  hub, mean 

and  t i p  s e c t i o n s  a t  des ign  i n l e t  c o n d i t i o n s .  The v e l o c i t y  r a t i o  was a maximum 

Of 1.225 f o r  t h e  s u c t i o n  o r  convex s u r f a c e  of t h e  hub b l ade  s e c t i o n  and less 

2nr  
0 n 0 

is  e x i t  flow ang le  

Using the  a p p r o p r i a t e  t h r o a t  d iuens ions ,  i n d i c a t e d  by  t he  c i rc les  
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f o r  the  o ther  blade s e c t i o n s .  Although t h i s  v e l o c i t y  r a t i o  i s  s l i g h t l y  greater  

than it  was f o r  the  n o z z l e s ,  the stream e x i t  v e l o c i t y  i s  genera l ly  lower f o r  

the  ro tor  blades and a h igher  v e l o c i t y  r a t i o  i s  considered s a t i s f a c t o r y .  
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TURBINE EXIT SYSTEM 

The t u r b i n e  e x i t  sys t em,  shown i n  Figure 22, c o n s i s t s  of t he  d i f f u s e r ,  

t h e  c o l l e c t o r  o r  s c r o l l ,  and t h e  t r a n s i t i o n  s e c t i o n  i n t o  t h e  t e n  inch  dia- 

l 

I meter p ipe  l ead ing  t o  t h e  condenser .  The e x i t  d i f f u s e r  is  designed t o  reduce 

t h e  t u r b i n e  e x i t  v e l o c i t y  and recover  a p o r t i o n  of t h e  v e l o c i t y  head as an 

i n c r e a s e  i n  s t a t i c  p res su re .  The d i f f u s e r  p o r t i o n  o f  t he  e x i t  system was 

designed a t  a t u r b i n e  t o t a l - t o - s t a t i c  p re s su re  r a t i o  of  6.98. A t  t h i s  con- 

d i t i o n  t h e  t u r b i n e  e x i t  v e l o c i t y  is  very nea r ly  a x i a l .  Seve ra l  d i f f e r e n t  

d i f f u s e r  conf igu ra t ions  were ana lyzed  us ing  a subsonic ,  compressible  flow 

, 

I a n a l y s i s ,  The main o b j e c t i v e  of t h e  a n a l y s i s  was t o  o b t a i n  a d i f f u s e r  

c o n f i g u r a t i o n  which would have no h igh  d i f f u s i o n  rates on e i ther  s u r f a c e  t o  

minimize the p o s s i b i l i t y  of  boundary l a y e r  s e p a r a t i o n  on e i ther  s u r f a c e .  

The  f i n a l  c o n f i g u r a t i o n  chosen is  the one shown i n  F igu re  22. Shown i n  

F igu res  23 and 24 are t h e  d i f f u s e r  passage width and area which g ives  the  

d i f f u s e r  a n  area r a t i o  of  2.19. 

are  shown i n  F igure  25 as s u r f a c e  Mach number a long  t h e  upper and lower 

s u r f a c e s .  

to-static t u r b i n e  e f f i c i e n c y  ob ta ined  from measurements a t  the  d i f f u s e r  e x i t  

shou ld  be approximately 2.5 percen t  h igher  than that ob ta ined  from measurements 

a t  the t u r b i n e  e x i t  a t  t h e  match po in t .  

The r e s u l t s  of t h e  d i f f u s e r  flow a n a l y s i s  

Because of t h e  s ta t ic  p res su re  recovery i n  t h e  d i f f u s e r ,  the  t o t a l -  

A t  the d i f f u s e r  e x i t ,  the flow i s  dumped i n t o  a c o l l e c t o r  o r  s c r o l l  

passage  t o  be c a r r i e d  t a n g e n t i a l l y  arcvnd the  t u r b i n e  to  t h e  ten- inch  diameter 

p i p e  i n t o  t h e  condenser.  Twelve one-half i nch  diameter  s t r u t s  r equ i r ed  f o r  

mechanical  s t r e n g t h  have been l o c a t e d  a t  the  d i f f u s e r  ex i t  i n  l i e u  of vanes 
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nea r  t h e  d i f f u s e r  i n l e t  i n  o r d e r  t o  no t  separa t ,e  the  flow i n  t h e  d i f f u s e r .  

These rods cause  an  area blockage of about  12 percent  a t  t h e  d i f f u s e r  e x i t .  

A f t e r  the  d i f f u s e r  e x i t ,  b a f f l e s  are p laced  p a r a l l e l  t o  the d i f f u s e r  walls 

t o  prevent  r e c i r c u l a t i o n  of t h e  flow a c r o s s  the top  of the d i f f u s e r .  

The c o l l e c t o r  p o r t i o n  of t h e  exhaus t  s y s t e m  i s  s y m m e t r i c  about  the tur- 

b ine  c e n t e r l i n e  down t o  t h e  t r a n s i t i o n  s e c t i o n .  The t r a n s i t i o n  s e c t i o n  IS 

confined t o  a r e l a t i v e l y  small  space because of t he  phys ica l  d inens ions  nf 

t h e  t e s t  f a c i l i t y .  The r e s u l t i n g  t r a n s i t i o n  s e c t i o n  i s  a n  a t t empt  t o  have 

a flow passage which w i l l  carry the  flow from the  c o l l e c t o r  i n t o  t h e  ten- inch  

p ipe  i n  a r e l a t i v e l y  e f f i c i e n t  manner and which i s  r e l a t i v e l y  s imple  and 

inexpensive t o  manufacture .  
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INSTRUMENTATION 

Ins t rumenta t ion  w i l l  be improved over t h a t  used on the  two-stage t u r b i n e .  

Addi t iona l  thermocouples w i l l  be used between each b lade  row t o  measure 

i n t e r s t a g e  tempera tures .  Temperatures and p res su res  w i l l  be measured a t  

t u r b i n e  i n l e t  and e x i t  s t a t i o n s  t o  determine o v e r a l l  performance, and between 

each b lade  row t o  determine s t a g e  performance. Addi t iona l  p re s su re  and  t e m -  

p e r a t u r e  measurements w i l l  be made i n  t h e  e x i t  d i f f u s e r  and s c r o l l .  

The e f f l u x  p res su re  measurement sys t em w i l l  be u t i l i z e d  t o  measure 

p re s su res  a t  a l l  s t a t i o n s  inc lud ing  t h e  b u l l e t n o s e  d i f f e r e n t i a l  p re s su re  

measurements which are used t o  determine the vapor flow rate .  I n l e t  vapor 

q u a l i t y  w i l l  be determined us ing  the  t h r o t t l i n g  ca lo r ime te r .  Turbine torque  

w i l l  be measured wi th  Bytrex s t r a i n  gage torquemeters .  A l l  measurements w i l - 1  

be recorded through t h e  d i g i t a l  readaut  s y s t e m .  E x i t  q u a l i t y  w i l l  be determined 

by means of a n  energy ba lance .  The t u r b i n e  en tha lpy  change is  c a l c u l a t e d  

from measurements of  t u r b i n e  torque,  r o t a t i v e  speed and vapor flow rate,  

t u r b i n e  e x i t  q u a l i t y  is  then  c a l c u l a t e d  from e x i t  en tha lpy  and e x i t  t c t a l  

p r e s s u r e .  

The 

The performance in s t rumen ta t ion  a r e  l i s t e d  i n  Table  111, inc lud ing  the 

parameter  t o  be measured, the c i r c u m f e r e n t i a l  l o c a t i o n  of t h e  senso r  a t  each 

measurement s t a t i o n ,  the  range of  measurement and the  senso r .  

menta t ion  s t a t i o n s  are shown i n  F igu re  22. 

The i n s t r u -  

A l l  thermocouples w i l l  be c a l i b r a t e d  be fo re  i n s t a l l a t i o n  i n  t h e  t u r b i n e .  

They w i l l  be checked a t  three temperature l e v e l s  u s ing  the  f r e e z i n g  p o i n t s  of  

z i n c ,  787.1°F, aluminum, 1220°F, and s i l v e r  1761.4'F. The e f f l u x  s y s t e m  
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p r e s s u r e s  w i l l  be connected t o  f i v e  scanner  swi tches .  Each scanner  has  one 

p r e s s u r e  t ransducer .  These t r ansduce r s  w i l l  be i n d i v i d u a l l y  c a l i b r a t e d  by 

vary ing  the p r e s s u r e  l e v e l  from 0 t o  50 p s i a  and comparing d i g i t a l  readout  

of t h e  t r ansduce r s  wi th  a Wallace and Tierman Model FA129 0-50 p s i a  p r e s s u r e  

i n d i c a t o r .  The Wallace and Tierman gage is p e r i o d i c a l l y  checked a g a i n s t  a 

C . E . C .  Pressure  Standard which i s  t r a c e a b l e  t o  t h e  Nat iona l  Bureau  of Standa rds .  
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OFF-DESIGN PERFORMANCE 

Pre l iminary  o f f -des ign  performance has been c a l c u l a t e d  f o r  t h e  th ree-  

s t a g e  t u r b i n e .  Shown i n  F igure  26 is  the  v a r i a t i o n  of vapor flow rate w i t h  

t u r b i n e  i n l e t  t o t a l - t o - e x i t  s t a t i c  pressure  r a t i o  f o r  o p e r a t i o n  at 18,250 rpm 

w i t h  vapor i n l e t  temperature  of  1500'F. The vapor flow ra te  i s  cons t an t  a t  

t u r b i n e  p re s su re  r a t i o s  greater than  8. Shown i n  F igure  27 is  the  v a r i a t i o n  

i n  t u r b i n e  power ou tpu t  f o r  the  same cond i t ions .  The power i n c r e a s e s  up t o  

a p res su re  r a t i o  of about  12, with  only  s l i g h t  i n c r e a s e s  a t  g r e a t e r  p re s su re  

r a t i o s  as t h e  t u r b i n e  becomes choked. The v a r i a t i o n  i n  t u r b i n e  e f f i c i e n c y  i s  

shown i n  F igure  2 8 .  Although the  t o t a l - t o - t o t a l  e f f i c i e n c y  i s  prac t ica l1 .y  

cons t an t ,  the  t o t a l - t o - s t a t i c  e f f i c i e n c y  decreases a t  the h igh  p res su re  r a t i o s  

due to the  g r e a t e r  l eav ing  Loss a s s o c i a t e d  wi th  the h ighe r  e x i t  v e l o c i t i e s .  

These e f f i c i e n c y  va lues  were c a l c u l a t e d  f o r  shrouded r o t o r  b lades  w i t h  the  h a t  

t i p  c l ea rances ,  and are  based on the  t o t a l  and s t a t i c  p res su res  a t  t.h.e e x i t  of 

tbe t h i r d  s t a g e .  A t u r b i n e  e f f i c i e n c y  based on the s t a t i c  p res su re  i n  the 

e x i t  s c r o l l  would be midway between t h e  s t a t i c  and t o t a l  e f f i c i e n c i e s  shown. 

T h i s  i s  because h a l f  of the  dynamic head can be recovered by the  d i f f u s e r  and 

e x i t  s y s t e m ;  the  remainder i s  l o s t  due t o  t o t a l  p re s su re  losses i n  the  d i f f u s e r  

and scroll. 

Shown i n  F igure  29 is  the  v a r i a t i o n  i n  vapor q u a l i t y  a t  t h e  en t r ance  

to  the second and t h i r d  s t a g e s ,  based on a t u r b i n e  i n l e t  q u a l i t y  of 0,99. 

A t  a t o t a l - t o - s t a t i c  p r e s s u r e  r a t i o  of 8.0 the  q u a l i t y  is 0.944 i n t o  t h e  

second s t a g e  and 0.903 i n t o  t he  t h i r d  stage. 
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Simi la r ly ,  t h e  performance of t h e  th ree - s t age  t u r b i n e  was c a l c u l a t e d  a t  

vapor i n l e t  temperatures  of 1450 and 1550'F and i s  shown i n  F igu res  30 through 

39. These p l o t s  show t h e  same c h a r a c t e r i s t i c s  seen  i n  t h e  1500'F p l o t s .  The 

v a r i a t i o n  i n  performance wi th  r o t a t i v e  speed is seen  t o  be small  from 15,400 

t o  20,000 rpm. 

temperature i s  0.901 a t  a p res su re  r a t i o  of 7.9, which i s  t h e  endurance tes t  

c ondi t  i on .  

Note t h a t  t h e  second s t a g e  e x i t  q u a l i t y  a t  1550'F i n l e t  
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CONCLUDING REMARKS 

A t h ree - s t age .po ta s s ium vapor tu rb ine  has been designed as  p a r t  of t h e  

NASA Rankine Systems Technology Program. A major o b j e c t i v e  i s  t o  determine 

whether t h e r e  i s  an  e r o s i o n  problem a s s o c i a t e d  wi th  the g r e a t e r  q u a n t i t y  of 

condensed l i q u i d  and h igher  t i p  speeds of t h e  t h i r d  s t a g e .  This  t u r b i n e  i s  

a growth ve r s ion  of t h e  s u c c e s s f u l  two-stage potassium t u r b i n e  and is based 

on t h e  same des ign  p r i n c i p l e s .  The f i r s t  two s t a g e s  are unchanged aero-  

dynamically except  t h a t  r o t o r  t i p  shrouds have been added t o  reduce t i p  

c l e a r a n c e  loss and i n c r e a s e  e f f i c i e n c y .  The t h i r d  s t a g e  has  been designed 

t o  match t h e  f i r s t  two s t a g e s  a t  a condi t ion  where the  vapor q u a l i t y  ou t  of 

t h e  f i r s t  two s t a g e s  is about  91 pe rcen t .  The aerodynamic a n a l y s i s  and 

b lade  des igns  are  based on General Electric C o .  des ign  programs as were the  

f i r s t  two s t a g e s .  

Another o b j e c t i v e  of the three-stage t u r b i n e  program is  to  ga in  a bet ter  

unders tanding  of two phase potassium expansion processes .  The assumption 

of s u p e r s a t u r a t e d  vapor expansion i n  each s t a g e  w i t h  r e v e r s i o n  t o  equiLibrium 

a f t e r  each r o t o r  b lade  row seemed t o  be v e r i f i e d  by the  test r e s u l t s  of t h e  

two-stage t u r b i n e .  However, t h e  a d d i t i o n a l  s t a g e  and more ex tens ive  i n s t r u -  

mentat ion are expected t o  provide b e t t e r  understanding of w e t  potassium vapor 

t u r b i n e s .  
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TABLE I 

X .- 

0.  
- .0075 
- SO16 
- .023 
- .031 
- .039 
- .048 
- ,056 
- -065 
- .075 
- ,084 
- .094 
- . l o4  
-. 115 
- ,126 
- .I335 
- .  15 
- .162 
- .175 
- .189 
- 203 
- .219 
- -236 
- -254 
- -276 
- ,301 
- .325 
- .35 
- .375 
- . 4  
- ,425 
- .45 
- .475 
- . 5  
- 525 
- .55 
- .575 
- . 6  
- a  625 
- 65 
- -675 
- .? 
- .725 

Y - 

THIRD STAGE NOZZLE COORDINATES 

Pitch Section 

0. 
.025 
.05 
.075 
.1 
.125 
.15 
.175 
. 2  
.225 
.25 
275 

. 3  

.325 

.35 

.375 

.4  
425 

.45 

.475 

.5  
,525 
.55 
.575 
.6  
,625 
.646 
.667 
.685 
.7  
. ‘713 
.725 
.735 
.742 
0 7475 
.?51 
.753 
.755 
.755 
.754 
.752 
.7475 
.742 

X - 
- e 75 
- 775 
- .8 
- .819 
- 831 
- a 837 
- ,836 
- 828 
- ,814 
- * a91 
- 6 775 
- * 75 
- . ?25 
- $ ?  
- 675 
- ,65 
- .625 
- .6 
- ,575 
- .55 
- 525 
- .5  
- e 475 
- 0 45 
- .425 
- . 4  
- e 375 
- -35 
- -325 
- . 3  
- 275 
- 25 
- 225 
- .194 
- 168 
- 144 
- 123 
- 0 103 
- a 086 
- -069 
- .055 
- .Q41 - ,026 
- .013 

Y 
)I_ 

e 7325 
< 72 
.7  
675 

.65 
625 
,6 
% 575 
.55 
,525 
e 512 
,497 
s 484 
474 

.463 
+ 461. 
456 

c 451 
,446 
.44i 
.434 

0 42 
0 412 
402 

0 39 
0 3775 
363 
.343 
332 
314 
296 

0 277 
25 
225 

175 

125 

4275 

.2 

s 15 

,075 
. (25 
e 025 

- a086 
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Radius - Sect ion  

TABLE I (Continued) 

N1 4 . 1 1  .2119 

N 2  4 .665  .2461 

N 3  5 . 2 2  .280 

Coordinates are for N2 S e c t i o n .  

Constant Cross S e c t i o n ,  Linear T w i s t .  

A l l  T r a i l i n g  Edge Radii  = ,0075 i n .  
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TABLE I1 

THIRD STAGE ROTOR BLADE COORDINATES 

Rotor T i p  S e c t i o n  T5 

Suct ion Surface  Pressure Surface 

X - 
- .77 
- .75 
- .725 
- a  70 
- .675 
- -65 
- .625 
-.6 
- .575 
- .55 
- .525 
- .5 
- .475 
- .45 
- 425 
- .4 
- .375 
- .35 
- 325 
-.3 
- -275 
- .25 
- .225 
- .2 
-. 175 -. 15 
- .125 
-.l 
- .075 
- .05 
- -025 
- .001 

Y 

.456 
473 
.493 
.51 
.525 
.5375 
,5475 
.556 
.5625 
,5675 
.57 
.57 
.568 
.563 
.556 
,546 
.534 
.52 
.504 
.486 
.464 
,438 
.409 
.379 
.346 
.308 
.269 
,225 
.1775 
.126 
.071 
.012 

- X - 
- 0 755 
- .725 
- . a  
- 675 
- .65 
- .625 
- e6 
- .575 
-.55 
- 525 
- .5 
- e 475 
- .45 
- ,425 
- .4 
- .375 
- .35 
- .325 
- . 3  
- e 275 
- 0 25 
- .225 
-.2 -. 175 
- 0 15 
- .125 
-,1 
- .075 
- .05 
- .825 
- -013 

Y - 
.430 
439 
446 
451 

D 455 
0 457 
457 

" 455 
0 451 
0 445 
* 4375 
* 428 
4175 
,485 
391 
,375 
< 359 
.341 
3225 

a 3025 
281 
258 
224 
,208 
.182 
.1525 
> 122 
089 
053 
021 
003 
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TABLE I I  !!:ontinued) 

Rotor Pitch - Tip Section T4 

Suction Surface 

Y - X - 
Pressure Surface 

Y X - - 
- .79 
- 0 775 
- .75 
- ,725 
-.7 
- .675 
- .65 
- .625 
- .6 
- .575 
- .55 
- .525 
- .5 
- .475 
- .45 
- .425 
- .4 
- 0 375 
- .35 
- .325 
- .3 
- .275 
- .25 
- .225 
- . 2  
- .175 
- e  15 
- .125 
-.l 
- .075 
- .05 
- .025 
- ,001 

,375 
.389 
412 
,4225 
,452 
468 
.483 
.496 
,507 
.516 
.522 
.526 
,5275 
.525 
.522 
,516 
,> 509 
.500 
.489 
.476 
460 
.442 
.420 
.3925 
.363 
a 3325 
.298 
.2575 
.215 
.1675 
.117 
.0625 
,012 

- s 775 
- .75 
- ,725 
-.7 
- ,675 
- .65 
- .625 
-.6 
- .575 
-' .55 
- .525 
- " 5  
- .475 
- 45 
- -425 
- ,4 
- 375 
- .35 
- .325 
-.3 
- .275 
- ,25 
- a 225 
- .2 
- .175 
- .I5 
- ,  125 
-,1 
- .075 
- .05 
- .a25 
- .013 

346 
.356 
.364 
372 

n 378 
.382 
(I 385 
,387 
387 
,385 
,382 
.377 
. 3'70 
.3625 
* 353 
,343 
e 332 
e 32'1 
306 
291 
275 
2575 
239 

< 220 
.199 
.176 
150 
.I225 
" c92 
.8575 
.Q21 
.003 
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Suct ion  Surface 

X - 
- .825 
- .8 
- .775 
- .75 
- ,725 
-.7 
- -675 
- .65 
- .625 
- .6 
- 0 575 
- .55 
- .525 
- .5 
- .475 
- .45 
- .425 
-.4 
- * 375 
- .35 
- -325 
- .3 
- -275 
- .25 
- .225 
- .2 
- .175 
- .15 
- 125 
-.l 
- .075 
- .05 
- -025 
- ,001 

TABLE I1 (Continued) 

Rotor P i t c h  Sec t ion  T-3 

Y - 
,2825 
.311 
.338 
.362 
.385 
.405 
.422 
.437 
.449 
.460 
.467 
e 473 
.477 
.480 
,481 
,481 
.479 
,474 
466 
,457 
.445 
.432 
.416 
.398 
.377 
.352 
.3225 
.289 
.250 
,208 

.113 

.062 

.Ol 

1625 

Pressure Surface 

X 

- e 805 
- .775 
- .75 
- .725 
-.7 
- .6?5 
- -65 
- .625 
-.6 
- e575 
- 0 55 
- s525 
-.5 
- .475 
- .45 
- .425 
-.40 
- e 375 
- .35 
- a  325 
- .3 
- 275 
- e 25 
- s225 
- .2 
- -175 
- .15 
- 0 125 
- e 1  
- .075 
- eQ5 
- -025 
- a013 

I_ 
Y 

a 259 
.276 
.288 
e 299 
388 
316 

0 322 
e 325 
.328 
e 328 
e 3275 
.326 
0 323 
0 320 
315 
309 
302 
,2925 
.2825 
0 272 
e 260 

e 234 
e 219 
.203 
185 
165 

e 141 
114 
085 
053 

0 02 
.003 

- 

2475 
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TABLE 11 (Continued) 

Suct ion  Sur face  

Y - X 
1- 

Rotor P i t c h  Root S e c t i o n  T-2 

P r e s s u r e  Sur face  

- ,8925 
- .8875 
- .875 
- .85 
- .825 
- .8 
- ,775 
- ,75 
- .725 
- .7 
- e  675 
- .65 
- a  625 
- .6 
- .575 
- ,55 
- .525 
- .5 
- .45 
- .4 
- .35 
-.3 
- .25 
- .2 
- .  175 
- .15 
- .125 
- .1 
- .075 
- .05 
- .025 
0 
.0045 
.01 

.0855 

.0945 
,115 
,155 
.1925 
.225 
.255 
.2822 
.3055 
.3265 
.3445 
.360 
.3735 
.385 
.395 
.4025 
.4088 
.413 
.416 
.412 
.3995 
.3785 
.3485 
.3075 
.2818 
.2522 
.2198 
.1825 
.1442 
.lo25 
.0575 
.009 
.005 
0 

X - 
- .855 
- ,  85 
- .825 
- .8 
- .775 
- * 75 
- .725 
- .7 
- .675 
- .65 
- .625 
- .6 
- .575 
- ,55 
- .525 
-.5 
- .475 
- ,45 
-.4 
- ,35 
-.3 
- .25 
- .2 
- .175 -. 15 
- .125 
-.l 
- .075 
- .05 
- .025 
- .017 

Y - 
.085 
.0895 
.110 
.128 
.145 
.1605 
,1748 
.1875 
,1988 
"2088 
.2175 
.225 
2308 

a 2358 
~ 2398 
.242 
" 212 
.24,72 
.2405 
2325 
.2205 
.2026 
.1785 
.1632 
.1464 
.1272 
.1055 
.(I812 
.0528 
01195 

.0035 
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Suction Surface 

- .8925 
- .8875 
- .875 
- .85 
- 825 
- .8 
- .775 
- .75 
- .725 
-.7 
- -675 
- .65 
- -625 
- -6 
- .575 
- .55 
- .525 
-.5 
- .45 
- .4 
- .35 
- .3 
- .25 
-.2 
- -175 
- .15 
- -125 
- .1 
- .075 
- .05 
- .025 
0 
.0045 
.01 

Y 

.0855 

.0945 

.115 
,155 
.1925 
,225 
,255 
.2822 
.3055 
.3265 
.3445 
,360 
.3735 
.385 
e 395 
.4025 
,4088 
.413 
.416 
.412 
.3995 
.3785 
,3485 
.3075 
,2818 
.2522 
.2198 
.1825 
.1442 
,1025 
.0575 
.009 
.005 

0 

- 

TABLE I1 (Continued) 

Rotor Root Section T - 1  

- 

Pressure Surface 

Y x 
1_ - 

- .855 085 
- * 85 0895 
- .825 .110 - "8 .128 
- 0 775 .145 
- ,75 .1605 
- -725 .1748 
-.a 1875 
- a 675 1988 
- .65 .2088 
- "625 21.75 
- -6 .225 
- .575 2308 
- .55 2358 
- ,525 2398 
-.5 a 242 
- .475 243 
- 0 45 2432 
-.4 .2405 - 6 35 2325 
-.3 2205 
- .25 .2826 

-. 175 a 1632 
- .15 1464 

-.2 0 1785 

- 125 .1272 
-.l . PO55 
- .075 D 8812 

- .025 .0195 
- .05 .0528 

- .017 .0075 
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TABLE 11 (Continued) 

S e c t i o n  

T5 

T4 

T3 

T2 

T1 

Angle of 
Leading Edge 

d0 - Radius Spacing E l l i p s e  

5 . 1 5  .6223 28 .96  .3021 

4 - 8 9  .5909 36 .50  .2915 

4 . 6 3  .5594 42 .20  .2801 

4 . 3 7  .5280 47 .20  .2704 

4 . 1 1  .4966 51 .80  .2678 

Stacking 
Point  

x = - .390 

Y = .J63 

X = - ,413 

Y = .332  

X = - .436 

Y = .299 

x = - , 457  

y .= .26R 

A l l  t r a i l i n g  edge r a d i i  - .0075.  

A l l  l eading edges  formed by 0 .070  x 0 . 0 3 5  e l l i p s e .  
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TABLE 111.- 

j D i g i t a l  Channel ' 

Parameter ! t i o n  t i o n  Range Sensor  Readou t ,  Channel / P o s i t i o n  ' 
Mca- Sta-  'i:::' 1 Readout 1 or 

1 1650°F 1 ! I CA T/C D i g i t a l  1 1400- 

Item 
No. i 
1 I Vapor Temperature 

2 1 Vapor Temperature 135" 1400 - CA T/C Dig i ta l  I 

I 045" 
I 

t 

1650°F 1 
1400- 1 

1 

I 

THREE-STAGE POTASSIUM TURBINE TESTING - 3000 KW FACILITY 

I 3 1 Vapor Temperature 235' 

r' I i I 1 I I I I 1 
i 

CA T/C D i g i t a l  1 t I 1650°F I 
1400- I I I 

p ! 

c I 

Oy50 j 5 Vapor S t a t i c  P res su re  i 0 0  

; 6 Vapor S t a t i c  P res su re  0' 1 
4 

0-50  i E f f l u x  
i 

I I r s ia  ~ 1 7 I Vapor S t a t i c  P res su re  I 
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I 
\ 

I 
J 

I 
I 1 D i g i t a l  i I 
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